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Abstract  
z 
' The requirements fo r  extremely prec ise  and 
powerful l a rge  space antenna r e f l e c t o r s  have 
motivated the  development of a procedure f o r  6 
shape cont ro l  of t h e  r e f l e c t o r  sur face .  A 
mathematical opt imizat ion procedure has been 
developed which improves antenna performance e 
while minimizing necessary shape cor rec t ion  
e f f o r t .  In c o n t r a s t  t o  previous work which 
proposed c o n t r o l l i n g  the  rms d i s t o r t i o n  e r ro r  of 
the  sur face  thereby i n d i r e c t l y  improving antenna 
performance, the  cur ren t  work includes 
electromagnet ic  ( E M )  performance c a l c u l a t i o n s  as  
an i n t e g r a l  par t  of the cont ro l  procedure. The 
a p p l i c a t i o n  of the procedure t o  a radiometer 
design w i t h  a t e t r a h e d r a l  truss backup s t r u c t u r e  
demonstrates the p o t e n t i a l  for  s i g n i f i c a n t  
improvement. The r e s u l t s  i n d i c a t e  the benef i t  
of including EM performance c a l c u l a t i o n s  i n  
procedures f o r  shape cont ro l  of l a r g e  space 
antenna r e f l e c t o r s .  
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Nomenclature 
maximum power densi ty  fo r  d i s t o r t e d  
antenna 
maximum power densi ty  fo r  undis tor ted 
antenna 
vector of ac tua tor  length changes 
maximum change i n  ac tua tor  length 
number of shape cont ro l  ac tua tor  
locat ions 
number of j o i n t s  between truss elements 
on r e f l e c t o r  sur face  
root  mean square of sur face  d i s t o r t i o n  
e r r o r s  
maximum power dens i ty  outs ide  the  main 
beam r a d i a t i o n  angle ( s i d e  lobe l e v e l )  
inf luence matrix used i n  equat ion 2 
Car tes ian  coordinate  system wi th  o r i g i n  
a t  cen ter  of paraboloid (Fig.  1 )  
* Member A I A A  
** Member A I A A ,  ASME 
vector of n sur face  displacement e r ro r s  
i n  Z d i r e c t i o n  
s lack  v a r i a b l e  used t o  implement 
Opt  i m i  za t ion procedure 
antenna r a d i a t i o n  angle measured from 
the paraboloid a x i s  
r a d i a t i o n  angle  which def ines  main beam 
region 
wavelength of e lec t ranagnet ic  r a d i a t i o n  
azimuthal angle  measuring r o t a t i o n  
around the  paraboloid a x i s  
vector  of random surf  ace displacement 
e r r o r s  i n  the  2 d i r e c t i o n  
-- Introduct ion 
In s tud ie s  of the design and operat ion of 
l a rge  space r e f l e c t o r  antennas,  a key i s sue  i s  
the prec ise  shape cont ro l  of the r e f l e c t o r  
sur face  i n  order t o  guarantee s a t i s f a c t o r y  
electromagnetic (EM) performance. However, when 
discussing antenna design c r i t e r i a ,  most authors  
t r e a t  the s u b j e c t s  of s t r u c t u r a l  design,  shape 
con t ro l ,  and electromagnetic performance a3 
separa te  i s sues .  The l i n k  between the 
s t r u c t u r a l  deformation and the  loss of antenna 
performance has been based on c l a s s i c a l  formulas 
such as  tha t  of Ruze ( r e f .5  ) i n  which the  
antenna performance is r e l a t e d  t o  the  rms value 
of t h e  sur face  d i s t o r t i o n  error. Although the 
rms value of the sur face  roughness can be used 
t o  c a l c u l a t e  the gain loss fo r  a s l i g h t l y  
d i s t o r t e d  r e f l e c t o r  antenna, other  performance 
parameters ( i . e .  beam shape, beam point ing 
d i r e c t i o n ,  s i d e  lobe l e v e l  and s i d e  lobe 
d i s t ~ i b u t i o n )  depend upon the d e t a i l s  of the  
d i s t o r t i o n  throughout t h e  r e f l e c t o r  sur face .  
1-4 
Recently,  some i n i t i a l  s t e p s  have been taken 
t o  i n t e g r a t e  the thermal,  s t r u c t u r a l  and EM 
a n a l y s i s  i n  order  t o  produce a more e f f e c t i v e  
a n a l y s i s  procedure and t o  account f o r  t h e  
r e l a t i o n  between d e t a i l s  of the d i s t o r t i o n  and 
antenna performance. 6-9 
proposes, develops and demonstrates an 
opt imizat ion procedure f o r  shape cont ro l  of a 
l a rge  space antenna ( E A )  r e f l e c t o r .  The main 
f e a t u r e  which d i s t i n g u i s h e s  t h i s  work from 
previous e f f o r t s  i s  tha t  the shape cont ro l  
mechanism 13 dr iven by the  need t o  s a t i s f y  
e x p l i c i t  EM design requirements r a the r  than 
i m p l i c i t  limits on rms sur face  accuracy. 
The present  paper 
The opt imizat ion procedure is t e s t e d  by 
applying i t  t o  a s p e c i f i c  antenna conf igura t ion  
which was designed f o r  a microwave radiometer 
mission. A radiometer design is a t t r a c t i v e  
because remote sensing is a dr iv ing  f o r c e  behind 
NASA i n t e r e s t  i n  LSA systems and because the  
c o n s t r a i n t s  on electromagnetic performance are 
both c r i t i c a l  and d i f f i c u l t  t o  achieve. 
I n  the  present  work, t h e  radiometer  sur face  
shape is cont ro l led  by a set of a c t u a t o r s  which 
can lengthen or s h o r t e n  ind iv idua l  members of 
the  backup structure. The opt imizat ion 
procedure m u s t  s e l e c t  a s e t  of a c t u a t o r  inputs  
which smooths the r e f l e c t o r  sur face  enough t o  
s a t i s f y  EM performance c r i t e r i a  w h i l e  minimizing 
the t o t a l  a c t u a t o r  e f f o r t  required.  I t  is shown 
t h a t  t h e  general  purpose procedure is e f f e c t i v e  
when appl ied t o  a t y p i c a l  sur face  d i s t o r t i o n  on 
a p a r t i c u l a r  antenna r e f l e c t o r  design. 
Moreover, i t  is shown t h a t  t h e  procedure is much 
more effective than t h e  technique of merely 
reducing rms sur face  d i s t o r t i o n .  
S t r u c t u r a l  Shape Control 
Th i s  s e c t i o n  descr ibes  t h e  a p p l i c a t i o n  of 
shape cont ro l  t o  a t e t r a h e d r a l  truss antenna 
s t r u c t u r e  s i m i l a r  t o  designs developed f o r  t h e  
Figure 1 i l l u s t r a t e s  the  antenna 
conf igura t ion ,  t h e  f i n i t e  element model of the  
r e f l e c t o r  support  structure and t h e  coordinate  
system used t o  analyze t h e  antenna performance. 
The support  s t r u c t u r e  is a t e t r a h e d r a l  truss 
f a b r i c a t e d  from g r a p h i t e  epoxy t u b e s .  The 
ind iv idua l  t r u s s  members a r e  d i v i d e d  i n t o  t h r e e  
groups: those on t h e  top  or feed  f a c i n g  s u r f a c e ,  
those on t h e  bottom sur face  and those  which 
connect t h e  two sur faces .  
The p r i n c i p a l  source of d i s t o r t i o n  i n  t h e  
t r u s s  is expected t o  be inaccurac ies  i n  the  
lengths  of the  ind iv idua l  truss members. The 
length  inaccurac ies  occur d u e  t o  manufacturing 
v a r i a t i o n s  in l ength  or  mater ia l  p roper t ies .  
For example, although t h e  c o e f f i c i e n t  of thermal 
expansion of graphi te  epoxy is very  smal l ,  t h e  
v a r i a t i o n  i n  t h i s  parameter from member t o  
member can cause d i s t o r t i o n s  i n  a uniform 
temperature f i e l d .  The e f f e c t  of these length  
inaccuracies  can be determined by performing 
m u l t i p l e  s t r u c t u r a l  analyses  wi th  m u l t i p l e  sets 
of member length  errors selected a t  random 
according t o  an assumed p r o b a b i l i t y  dens i ty  
func t ion  a s  i n  re ference  10. 
To test the design procedure i n  t h i s  s tudy,  
a s i n g l e  set  of random member lengths  was 
selected and used f o r  a l l  design s t u d i e s .  The  
e r r o r s  i n  member length  a r e  assumed t o  be 
normally d i s t r i b u t e d  w i t h  a mean of zero and a 
s tandard devia t ion  of 0.015% of element length .  
These e r r o r s  are cons ie tan t  wi th  t h e  s t u d i e s  i n  
reference 10. 
Shape c o r r e c t i o n  of the t o p  sur face  of the  
t r u s s  s t r u c t u r e  is similar t o  t h e  method of 
appl ied temperature described i n  re ference  1 1 .  
A set of m a c t u a t o r s  is posi t ioned on t h e  b o t t m  
sur face  of the  truss structure. The a c t i o n  of 
these a c t u a t o r s  is t o  lengthen or shor ten  t h e  
ind iv idua l  elements t o  which t h e y  a r e  a t tached .  
T9e bes t  l o c a t i o n s  f o r  t h e  ac tua tors  a r e  found 
by t h e  method of reference 12. 
The ne t  sur face  shape d i s t o r t i o n  r e s u l t i n g  
from member length  e r r o r s  and a c t u a t o r  i n p u t s  is 
computed by a s tandard f i n i t e  element s t r u c t u r a l  
a n a l y s i s  program, EAL,13 and measured by 
comparing t h e  l o c a t i o n  of the n j o i n t s  on t h e  
top  sur face  w i t h  their  idea l  loca t ions .  I f  Z is  
the  vector of displacement e r r o r s  i n  the  Z 
d i r e c t i o n  then t h e  rms sur face  e r r o r  i s  One 
measure of sur face  accuracy. 
i - 1  
For any s e t  of ac tua tor  i n p u t s ,  [All ,  t h e  
r e s u l t i n g  d i s t o r t i o n  of t h e  feed f a c i n g  sur face  
can be expressed as 
( 2 )  - + C U I  ( A 1 1  ( 2 )  
where (All is the  vector  of changes i n  length  of 
ac tua tor  elements, ($11 is  the  o r i g i n a l  random 
d i s t o r t i o n  e r r o r  vec tor ,  [ z )  is t h e  d i s t o r t i o n  
e r r o r  a f t e r  c o r r e c t i o n  and C U I  is an inf luence 
matrix. The inf luence  matrix is assembled i n  
EAL such t h a t  t h e  1 - th  column of CUI is t h e  
displacement of t h e  s t r u c t u r e  d u e  t o  a u n i t  
change i n  t h e  i - t h  a c t u a t o r  element. Also 
determined by EAL is t h e  s e t  of a c t u a t o r  inputs  
which minimize z z and which t h e r e f o r e  produce 
the  minimum rms d i s t o r t i o n .  Th i s  s e t ,  [Al l ,  
s a t i s f i e s  t h e  equat ion 
T 
[ A ]  ( A 1 1  = ( r )  ( 3 )  
and 
While t h i s  set of a c t u a t o r  inputs  does minimize 
rms d i s t o r t i o n ,  i t  may not be t h e  best choice 
for  cont ro l  of the  sur face .  
Electranagnet i  c Character1 s t i c s  
T h i s  s e c t i o n  descr ibes  the electromagnet ic  
performance c h a r a c t e r i s t i c s  which are used t o  
eva lua te  t h e  success  of the  antenna r e f l e c t o r  
shape cont ro l  procedure. The electromagnet ic  
a n a l y s i s  i n  t h i s  s t u d y  was performed by a 
modif icat ion of t h e  NEC-REF’ 
code which accounts  f o r  the a c t u a l  sur face  
d i s t o r t i o n  from the f i n i t e  element s t r u c t u r a l  
ana lys i s .  The ca lcu la t ion8  are obtained by a 
geometrical o p t i c s  p r o j e c t i o n  of the  feed 
r a d i a t i o n  r e f l e c t e d  from t h e  antenna s u r f a c e  
onto a plane normal t o  t h e  axis of the  
paraboloid. 
per turbed by t h e  d i f f e r e n c e  i n  t h e  ray path 
length  caused by t h e  r e f l e c t o r  s u r f a c e  
d i s t o r t i o n .  A double numerical Fourier  
transform of these per turbed f i e l d s  y i e l d s  t h e  
e lectromagnet ic  char a c t  eri s ti cs of the  r e f l e c t  or 
antenna. The accuracy of t h e  modified NEC-REF 
code f o r  pred ic t ing  t h e  r a d i a t i o n  p a t t e r n s  of 
d i s t o r t e d  r e f  1 e c t  or a n t  ennas has  been pre v 1 ous l  y 
r e f l e c t o r  antenna 
. 
The phase of these f i e l d s  is then 
t 
2 
v e r i f  ied'  
r e s u l  ts f o r  two mesh r e f l e c t o r  antennas. 
through comparison v i  t h  measured 
The electromagnet ic  r a d i a t i o n  
c h a r a c t e r i s t i c s  f o r  a p e r f e c t l y  smooth r e f l e c t o r  
antenna a r e  i l l u s t r a t e d  by t h e  ca lcu la ted  
r a d i a t i o n  p a t t e r n  i n - f i g u r e  2. T h i s  p a t t e r n  is 
a p l o t  of rad ia ted  power dens i ty  versus  t h e  
angle ,  e, measured from the paraboloidal  ax is .  
The p l o t  is normalized t o  t h e  maximum power 
d e n s i t y ,  which i s  r e f e r r e d  t o  a s  the antenna 
gain (C). The main beam of the  antenna 
r a d i a t i o n  p a t t e r n  1s defined by n u l l s  which 
occur a t  8 - ? e 0 .  The maximum s i d e  lobe l e v e l  
(SLL) is def ined a3  the  highest  level of the 
r a d i a t i o n  p a t t e r n  outs ide  the  main beam. The 
p lo t  i n  f i g u r e  2 i s  f o r  a p a r t i c u l a r  azimuth 
angle  ($945'). The r a d i a t i o n  p a t t e r n s  f o r  other  
azimuth angles  a r e  i d e n t i c a l  t o  f i g u r e  2. 
Figure 3 i l l u s t r a t e s  t h e  e f f e c t  of a t y p i c a l  
sur face  d i s t o r t i o n  on t h e  r a d i a t i o n  p a t t e r n  of 
the  antenna. P a t t e r n s  f o r  two orthogonal planes 
(@-45',135') a r e  presented which i l l u s t r a t e  t h a t  
t h e  r a d i a t i o n  p a t t e r n s  from t h e  d i s t o r t e d  
antenna a r e  no longer  axisymmetric b u t  become a 
func t ion  of azimuth angle .  
I n  a radiometer system. the  received power 
is t h e  i n t e g r a t e d  electromagnet ic  emission 
a r r i v i n g  a t  t h e  antenna from a l l  angular 
d i r e c t i o n s  weighted by  the  antenna r a d i a t i o n  
p a t t e r n .  The antenna performance parameter of 
most importance f o r  a radiometer is the  amount 
of energy received within t h e  main beam r e l a t i v e  
t o  t h a t  received from a l l  o ther  d i rec t ions .  The 
r e l a t i v e  energy i n  t h e  main beam i s  defined a3 
the  beam e f f i c i e n c y  and is determined by 
comparing the  double i n t e g r a l  of the r a d i a t i o n  
p a t t e r n  over t h e  main beam w i t h  the  double 
i n t e g r a l  of the  r a d i a t i o n  p a t t e r n  over 471 
s t e r a d i a n s .  I n  an opt imizat ion procedure, i n  
which t h e  r a d i a t i o n  p a t t e r n  shape changes f o r  
each s t e p  of t h e  opt imiza t ion ,  t h e  numerical 
c a l c u l a t i o n  of beam e f f i c i e n c y  a3  a c o n s t r a i n t  
would be p r o h i b i  t i v e l y  time consuming. However , 
s i n c e  t h e  energy contained i n  t h e  angular region 
o u t s i d e  t h e  main beam can be  a s i g n i f i c a n t  
source of e r r o r  i n  t h e  i n t e r p r e t a t i o n  of d a t a  
f o r  a radiometer 3 y s t e m , l 6  t h e  maximum l e v e l  
of the  r a d i a t i o n  p a t t e r n  f o r  angles  g r e a t e r  than 
B o  w i l l  be t h e  primary c o n s t r a i n t  imposed upon 
the opt imiza t ion  procedure f o r  t h e  present  
s t u d y .  I n  order  t o  f u r t h e r  i n s u r e  t h a t  t h e  
antenna beam e f f i c i e n c y  remains high,  an 
a d d i t i o n a l  c o n s t r a i n t  w i l l  b e  imposed upon t h e  
decrease i n  maximum gain compared t o  the  gain 
f o r  t h e  undis tor ted  antenna ( G o ) .  
For o ther  l a r g e  antenna a p p l i c a t i o n s  (e.g. 
communications and r a d a r ) ,  the  ga in  and s ide 
lobe  l e v e l  a r e  t h e  performance parameters of 
most importance. Therefore, cons t ra in ing  these 
parameters i n  t h e  opt imizat ion procedure w i l l  
a l s o  demonstrate t h e  f l e x i b i l i t y  of the  
procedure f o r  a wide c l a s s  of l a r g e  antenna 
a p p l i c a t i o n s .  Several o ther  antenna performance 
parameters (e.g. p o l a r i z a t i o n  p u r i t y ,  beam- 
poin t ing  d i r e c t i o n ,  and feed-posi t ioning 
accuracy)  w i l l  not be constrained i n  t h i s  
p resent  s tudy ,  a l though,  these  could be included 
i n  t h e  opt imizat ion procedure f o r  an appl ica t ion  
i n  which these  parameters were of s i g n i f  i can t  
concern. 
Opt i m i  za t ion  F o r m u l a s  
I n  t h i s  s e c t i o n  an opt imizat ion procedure i s  
described which w i l l  improve t h e  sur face  
accuracy and the  r e s u l t i n g  electromagnet ic  
performance of t h e  antenna r e f l e c t o r  while 
minimizing t h e  energy used t o  power t h e  
ac tua tors .  The design v a r i a b l e s  f o r  t h e  
procedure a r e  t h e  ac tua tor  inputs ,  A l .  The 
opt imizat ion problem is solved using t h e  method 
of f e a s i b l e  d i r e c t i o n s  a3 implemented i n  
CONMIN' ' . 
The opt imizat ion procedure seeks t o  minimize 
t h e  maximum ac tua tor  input .  T h i s  ob jec t ive  
tends t o  d i s t r i b u t e  t h e  c o r r e c t i v e  f o r c e  evenly 
among a l l  of t h e  ac tua tors .  Thus ,  a c t u a t o r s  can 
be s i z e d  smal le r  and l i g h t e r  and t h e  t o t a l  
amount of power required can be reduced. 
The  op t imiza t ion  problem is  a s  fOllOW3: 
minimize I blmax I 
subjec t  t o  SLL 5 G o -  30 dB 
C t G o -  0.3 dB 
rms 5 A/50 
where Almaxis the maximum change i n  length  of an 
ac tua tor  element, X is t h e  wavelength of EM 
r a d i a t i o n ,  C is  t h e  antenna gain f o r  the 
d i s t o r t e d  r e f l e c t o r  and C , i s  the  antenna gain 
f o r  t h e  ideal r e f l e c t o r .  
The primary c o n s t r a i n t  on EM performance is  
t h a t  t h e  maximum side lobe  level ( S L L )  m u s t  be 
a t  l e a s t  30 d e c i b e l s  below the  idea l  antenna 
gain. The added c o n s t r a i n t  on antenna gain (C) 
means that a t  l e a s t  95 pecent of the s i g n a l  
power w i l l  be i n  t h e  main beam of t h e  antenna. 
The f i n a l  c o n s t r a i n t  (on the  rms sur face  
d i s t o r t l o n  e r r o r )  13 included t o  h e l p  t h e  
opt imizat ion r o u t i n e  e l imina te  unproductive 
search  d i rec t ions .  The rms e r r o r  c o n s t r a i n t  is 
cons is tan t  w i t h  the  antenna gain c o n s t r a i n t  f o r  
small amounts of d i s t o r t i o n  ( r e f  5 ) .  
A u s e f u l  formulat ion of the  opt imiza t ion  
problem includes.  a s l a c k  v a r i a b l e ,  5,  a3 
f 01 lows: 
minimize B ( 5 )  
s u b j e c t  to  I A  lil S 5 1-1.2. ..., m 
SLL 5 C, - 30 dB 
G 2 C, - 0.3 dB 
rms S 1/50 
where A l i  is the  change i n  l ength  of the 1-th 
ac tua tor  element. T h i s  formulat ion i s  prefer red  
because t h e  discont inuous o b j e c t i v e  func t ion  
A l m a x i s  replaced by a l i n e a r  ob jec t ive  f u n c t i o n  
0. 
3 
An important aspect  of t h e  opt imizat ion 
problem is t h a t  t h e  EM c o n s t r a i n t s  and their  
grad ien ts  w i t h  respec t  t o  t h e  design var iab les  
a r e  r e l a t i v e l y  expensive t o  compute. Rather 
than perform a canple te  EM a n a l y s i s  each time 
t h a t  CONMIN requi res  a new c o n s t r a i n t  va lue ,  t h e  
EM performance measures a r e  ca lcu la ted  once and 
l i n e a r  approximations a r e  used t h e r e a f t e r .  The 
f i n i t e  d i f fe rence  approximation t o  the  grad ien ts  
of t h e  c o n s t r a i n t  func t ions  a r e  ca lcu la ted  once 
as well. The opt imizat ion problem is solved 
wi th  move limits on t h e  design v a r i a b l e s ,  So 
t h a t  t h e  l i n e a r  approximation w i l l  remain va l id .  
When a s o l u t i o n  is reached, t h e  a c t u a l  values of 
EM performance a r e  ca lcu la ted  a t  t h e  s o l u t i o n  
poin t .  
i f  the o b j e c t i v e  func t ion  has not changed 
s i g n i f i c a n t l y  from the previous value, then the 
process  s tops .  Otherwise, t h e  c o n s t r a i n t  
g r a d i e n t s  are reca lcu la ted  and t h e  e n t i r e  
process  is repeated u n t i l  an acceptab le  SOlUtiOn 
is found. 
I f  t h i s  s o l u t i o n  is  a f e a s i b l e  one and 
A s  d iscussed i n  t h e  s e c t i o n  on EM 
c h a r a c t e r i s t i c s ,  t h e  NEC-REF code c a l c u l a t e s  
r e l a t i v e  power l e v e l s  a t  discrete values of 8 
and $. 
canputat ion requi red ,  S L L  is defined a s  t h e  
maximum l e v e l  found i n  t h e  range,  
e, < I 8 [ < 4 8 ,  , f o r  four  d i f f e r e n t  values of 
9 which are  45' a p a r t .  
antenna s u r f a c e  which reduces t h e  s i d e  lobe 
l e v e l s  i n  these four  d i r e c t i o n s  w i l l  reduce 
l e v e l s  i n  a l l  d i rec t ions .  The c o n s t r a i n t s  on 
loss of antenna gain and on rms e r r o r  a r e  added 
insurance t h a t  s i d e  lobe  l e v e l s  w i l l  decrease i n  
a l l  d i r e c t i o n s .  The consequences of t h i s  
assumption are discussed i n  a l a t e r  sec t ion .  
In order  t o  reduce t h e  amount of 
I t  is assumed t h a t  an 
Tes t  Problem 
The opt imiza t ion  procedure is appl ied  t o  a 
s p e c i f i c  t e s t  problem de ta i led  i n  t h i s  s e c t i o n .  
The problem is constructed by s e l e c t i n g  
r e a l i s t i c  parameter values from t a b l e s  found i n  
re ferences  3 and 4. The r e s u l t i n g  problem has 
chal lenging performance c r i t e r i a  b u t  is not a 
worst case model. 
The 55-meter t e t r a h e d r a l  truss r e f l e c t o r ,  
i l l u s t r a t e d  i n  f i g u r e  1 ,  has a f o c a l  length  t o  
diameter r a t i o  of 1.5 and an opera t ing  frequency 
of 1.4 CHz. The wavelength, A ,  of EM r a d i a t i o n  
is 8.436 inches,  The antenna g a i n  f o r  t h e  idea l  
antenna, G o ,  is 56.64 dB and t h e  r a d i a t i o n  angle  
def in ing  t h e  main beam, e o ,  1s 0.5 degrees .  
The antenna backup s t r u c t u r e  is canposed of 
420 truss elements. The r e f l e c t i v e  sur face  i s  
approximated by a s p l i n e  f i t  through the 61 
j o i n t  l o c a t i o n s  on t h e  top  sur face  of the  
antenna. The d i s t o r t i o n  a t  these 61 discrete 
poin ts  is c o n t r o l l e d  by 48 a c t u a t o r  elements on 
t h e  bottom s u r f a c e  of t h e  antenna. 
Results 
I n  t h i s  s e c t i o n ,  t h e  r e s u l t s  of t h e  
opt imizat ion problem are examined. S t a r t i n g  
w i t h  zero  inputs  ( ie .  A l l  - 0.1,  t h e  
opt imizat ion procedure converges t o  a f e a s i b l e  
set of inputs  which has the lowest poss ib le  
A l m a x .  
Optimization cyc les ,  t h a t  is eleven eva lua t ions  
of t h e  EM performance measures and t h e i r  
g rad ien ts .  The success  of t h e  method is 
i l lustrated by canparing the antenna r a d i a t i o n  
pa t te rns  before  and a f t e r  opt imizat ion.  
The e n t i r e  process requi res  eleven 
Figure 4 conta ins  a convergence h i s t o r y  of 
Figure 4a i s  a p l o t  the  opt imizat ion problem. 
Of t h e  ob jec t ive  func t ion ,  A l m a x ,  as a func t ion  
of opt imizat ion cycle number. The problem 
begins w i t h  zero ac tua tor  i n p u t s ,  and they 
increase  u n t i l  a feasible design is reached. 
The maximum change i n  ac tua tor  length then 
decreases smoothly t o  a f i n a l  value of .066 
inches.  
As seen i n  f i g u r e s  4b and 4c, t h e  
requirement f o r  low side lobe  l e v e l s  i s  met 
a f t e r  seven opt imizat ion cyc les  but t h e  
requirement f o r  increased ga in  i s  met i n  only 
one cycle .  The f i n a l  s o l u t i o n  has a maximum 
s i d e  lobe  level j u s t  s l i g h t l y  above the dashed 
l i n e  which represents  the l i m i t i n g  l e v e l  of 
Go- 30 dB. The opt imizer  of re ference  17  will 
t o l e r a t e  a moderate amount of c o n s t r a i n t  
v i  ol a t  ion. 
I n  terms of expansion or  cont rac t ion  of 
i n d i v i d u a l  t r u s s  elements. a change in l e n g t h  of 
.066 inches seems v e r y  small .  However, a s  seen 
i n  f i g u r e  4d, these  small changes i n  l e n g t h  a r e  
enough t o  reduce t h e  rms sur face  e r r o r  fran a 
s t a r t i a g  value of 0.42 inches t o  a f i n a l  value 
of XI50 or 0.17 inches and t o  produce a 
s i g n i f i c a n t  improvement i n  EM Performance. 
Figure 5 i l l u s t r a t e s  t h e  change i n  antenna 
r a d i a t i o n  p a t t e r n s  a s  a result  of the 
opt imizat ion procedure. Figure 5 represents  
r e l a t i v e  power as a func t ion  of 8 f o r  two 
s e l e c t e d  values of $. The f i n a l  p a t t e r n s  a r e  
shaded black so t h a t  they can be canpared t o  t h e  
o r i g i n a l  p a t t e r n s  which a r e  white. The dashed 
l i n e  i n d i c a t e s  the  acceptab le  l i m i t  on s ide  lobe 
l e v e l s .  Notice t h a t  t h e  s ide  lobe l e v e l s  are 
reduced f o r  most values  of 8 and $. However, 
t h e  most s i g n i f i c a n t  e f f e c t  of t h e  opt imizat ion 
procedure is t o  narrow t h e  main beam. I t  is 
a n t i c i p a t e d  tha t  t h i s  amount of improvement i n  
EM performance w i l l  have a s i g n i f i c a n t  effect on 
the  accuracy of radiometer measurements. 
Al te rna te  Methods 
The conventional approach t o  antenna shape 
cont ro l  , (e.g. re fe rence  31, is t o  use rms 
sur face  e r r o r  as the s o l e  c r i t e r i o n  f o r  
improvement i n  t h e  r e f l e c t o r  sur face  geometry, 
I n  t h i s  s e c t i o n ,  t h e  advantages and 
disadvantages of including EM performance 
c r i t e r i a  a r e  explored. 
The opt imiza t ion  procedure proposed i n  t h i s  
paper can e a s i l y  b e  repeated without EM 
c a l c u l a t i o n s .  The opt imiza t ion  problem becomes: 
minimize 6 ( 6 )  
s u b j e c t  t o  I A l i i  5 6 i - l , 2 ,  ..., 48 
rms 5 A/50 
c 
4 
T h i s  vers ion of t h e  opt imizat ion procedure 
can be completed very quickly because eva lua t ion  
of equat ions (1-2) is t r i v i a l  canpared t o  
eva lua t ing  antenna performance. Figure 6 
canpares the  antenna p a t t e r n s  produced by t h e  
rms-limi ted procedure w i t h  t h e  antenna p a t t e r n s  
of t h e  uncorrected antenna. Notice t h a t  there 
is very l i t t l e  improvement and t h a t  many of the 
s i d e  lobe l e v e l s  exceed t h e  l i m i t i n g  value. 
C l e a r l y ,  s i m p l y  reducing t h e  rms sur face  e r r o r  
does not guarantee acceptable  antenna 
Performance. On t h e  o ther  hand, f i g u r e  4 
i n d i c a t e s  t h a t  t h e  f u l l  opt imizat ion procedure 
reduces rms first  and then s a t i s f i e s  s i d e  lobe 
limits. T h i s  sugges ts  t h a t  the rms-limited 
procedure may provide an e f f i c i e n t  way t o  
c a l c u l a t e  a good i n i t i a l  guess a t  t h e  s o l u t i o n  
set possibly leading t o  f a s t e r  convergence. 
Another poss ib le  s o l u t i o n  t o  antenna shape 
cont ro l  is t o  s t r i c t l y  minimize rms e r r o r  
without regard t o  ac tua tor  cos t .  The set of 
a c t u a t o r  inputs  which  minimize rms is  found by 
so lv ing  a set of simultaneous equat ions given i n  
equat ion ( 3 ) .  T h i s  method is canputa t iona l ly  
e f f i c i e n t  b u t  i t  results i n  a Almaxvalue which 
i s  more than 30 times l a r g e r  than t h a t  of ei ther 
previous method. 
Table 1 provides  a more complete comparison 
between t h e  c h a r a c t e r i s t i c s  of t h e  antenna 
r e f l e c t o r  before  and a f t e r  each antenna 
c o r r e c t i o n  method. The results should be 
compared t o  t h e  requi red  limits on s i d e  lobe 
level ( S L L  5 C, -30 d B ) ,  ga in  (C L C, -.3 dB) 
and rms d i s t o r t i o n  (rms 5 .17) .  
Table 1 Resul t s  of Antenna Optimization 
Optimization S L L  C rms Almax 
Method (wrt C,) ( w r t  C,) i n .  in .  
none -22.7 -.64 . 4 1 a  0. 
f u l l  -29.7 - .11  .168 .066 
rms-limited -25.9 -.14 .172 .051 
minimum rms -31.5 -.02 .067 2.200 
required -30.0 -.30 .I69 --- 
Ref ined Electromagnetic Analysis 
A s  mentioned previously,  t h e  EM a n a l y s i s  
dur i ng the  opt  i m i  zat i on procedure c a l c u l a t e s  
s ide  lobe  l e v e l s  a t  only four  azimuth angles .  
There i s  a real concern t h a t  reducing s ide lobe 
levels i n  four  discrete d i r e c t i o n s  
(1.e. $-0°,450,900,1350) simply al lows side 
l o b e s  levels t o  increase  i n  other  d i r e c t i o n s .  
T h i s  quest ion can be addressed by performing a 
more d e t a i l e d  EM a n a l y s i s  of t h e  optimized 
antenna and comparing i t  t o  a s i m i l a r  a n a l y s i s  
of t h e  unoptimized antenna.. I n  t h i s  detailed 
a n a l y s i s  the re la t lve power i s  ca lcu la ted  a t  41 
va lues  of 0 and 41 values  of $ and presented i n  
the form of a contour p lo t .  
F igure  7 conta ins  such contours  for  t h e  
o r i g i n a l  uncorrected antenna (see 7 a ) ,  t h e  f u l l  
op t imiza t ion  s o l u t i o n  (7b)  and t h e  rms-limited 
s o l u t i o n  ( 7 c )  and t h e  minimim rms s o l u t i o n  (7d) .  
Levels which are higher than -20 dB (wrt G o )  are 
shaded black. Levels which are between -20 dB 
and -25 dB a r e  shaded d a r k  gray.  Levels which 
a r e  between -25 dB and -30 dB a r e  shaded l i g h t  
gray. 
I f  t h e  f u l l  opt imizat ion procedure was 
per fec t ly  successfu l  then a l l  of t h e  shaded 
areas  i n  f i g u r e  7b would remain i n  t h e  main beam 
region def ined by a c i r c l e  of rad ius  0 , .  In  
o ther  words, a l l  r e l a t i v e  power l e v e l s  ou ts ide  
the  main beam would be  a t  least  30 dB below G o .  
By t h i s  c r i t e r i a ,  t h e  f u l l  opt imizat ion s o l u t i o n  
is  not p e r f e c t l y  successfu l .  However, t h e  
improvement between the  uncorrected antenna and 
the corrected antenna i s  v e r y  s i g n i f i c a n t .  
Additional improvement may be poss ib le  by using 
more than four  azimuthal angles  t o  def ine  t h e  
s i d e  lobe l e v e l .  
In c o n t r a s t  w i t h  t h e  good r e s u l t s  of the  
f u l l  op t imiza t ion ,  t h e  rms- l imi t ed  opt imizat ion 
shows l i t t l e  improvement over t h e  uncorrected 
antenna. Canparison of f i g u r e s  7a and 7c 
v e r i f i e s  t h a t  simply improving t h e  s u r f a c e  
accuracy does not guarantee improvement of EM 
performance . 
A s  expected, t h e  contour which corresponds 
t o  t h e  minimum rms sur face  d i s t o r t i o n  ( s e e  
f i g u r e  7d) i s  the b e s t .  However, the  d i f fe rence  
between the  contours  i n  f i g u r e s  7b and 7d is not 
ve ry  s i g n i f i c a n t .  I t  is quest ionable  whether 
t h i s  small improvement jus t i f ies  the increased 
ac tua tor  e f f o r t  required t o  a t t a i n  i t .  
Concluding Remar k s  
T h i s  paper descr ibed the  development of an 
in tegra ted  s t ruc  t u r  a l -  e l  ec  t runagnet i c 
opt imizat ion procedure f o r  shape cont ro l  of 
o r b i t i n g  l a r g e  space antenna r e f l e c t o r s .  The 
procedure employs s tandard f i n i t e  element 
s t r u c t u r a l  a n a l y s i s ,  a p e r t u r e  i n t e g r a t i o n  EM 
ana lys i s  and constrained opt imiza t ion  techniques 
t o  pred ic t  a s e t  of ac tua tor  inputs  which w i l l  
improve antenna performance while minimizing 
appl ied cont ro l  e f f o r t .  The procedure i s  t e s t e d  
f o r  a 55-meter t e t r a h e d r a l  truss antenna design 
which has  a s u r f a c e  d i s t o r t i o n  caused by length 
e r r o r s  i n  ind iv idua l  members of t h e  t r u s s .  I t  
is shown t h a t  t h e  cur ren t  procedure converges t o  
a much b e t t e r  s e t  of a c t u a t o r  inputs  than t h e  
t r a d i t i o n a l  approach based on rms sur face  
d i s t o r t i o n  c o n s t r a i n t s .  
The procedure descr ibed i n  t h i s  pape r  is 
appl icable  t o  a wide variety of l a r g e  space 
antenna concepts. The only assumption is  t h a t  
t h e  o r i g i n a l  sur face  d i s t o r t i o n  is p r e c i s e l y  
known a t  a d i s c r e t e  number of sur face  l o c a t i o n s  
and t h a t  t h e  change i n  t h i s  d i s t o r t i o n  f o r  a 
prescr ibed change i n  ac tua tor  i n p u t s  can be 
predicted.  A l l  a l t e r n a t i v e  procedures make 
equivalent  assumptions. The q u a l i t y  of t h e  
optimum design can b e  improved by improving the  
f i n i t e  element model of the  s t r u c t u r e ,  by 
increas ing  t h e  number of d i s c r e t e  poin ts  used t o  
descr ibe t h e  s u r f a c e  and by increas ing  t h e  
number of azimuth angles  used t o  d e f i n e  side 
lobe l e v e l .  
I t  i s  concluded t h a t  an i n t e g r a t e d  
s t ructures-electromagnet ic  op t imiza t ion  
procedure i s  h i g h l y  d e s i r a b l e  f o r  s t a t i c  shape 
5 
cont ro l  of l a r g e  space antennas. I n d i r e c t  
approaches which infer antenna performance f ran 
rms d i s t o r t i o n  may be unre l iab le  and can use 
considerably more cont ro l  e f f o r t  than necessary. 
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( a )  Ref lec tor  antenna conf igura t ion .  
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(b) F i n i t e  element model. 
Pig. 1 Geometry f o r  radiometer antenna. 
6 
? 
0,o 
0 
13 
0 L
0 
n 
I 
- Y  
(c) Cartesian and cylindrical polar coordinate 
sys terns. 
Fig. 1 Continued. 
om0 
-10 I O  
m 
-20 I O  U 
L 
W z 
0 
W > 
-30,O 
Z -40,O 
w 
-50,O 
-60,O L 
- 9 0  0 e o  
theta, degrees 
-1080 
m 
-20,o 
I 
a, x 
0 
cv > 
-30,O 
.d 
c, 
0 
-40,O 
-50,O 
-60 I 0 
theta, degrees 
(a) + = 45 degrees. 
Fig. 3 Typical EM radiation patterns for 
randomly distorted reflector surface. 
080 
-10 I O  
m = -20,o 
L 
W 
3 
0 
a, > 
c.’ 
0 
W 
L 
a -30-0 
.- 
- -40,O 
-50,O 
-60 0 
theta, degrees 
(b) + = 135 degrees. 
Fig. 2 Typical electromagnetic radiation Fig. 3 Continued. 
pattern assuming undistorted reflector 
surface. 
7 
0 2 4 6 8 1 0  
cycle 
0,50 
(a) Change in maximum actuator length with 
optimization cycle. 
- 
(wrt Go) 
-27 
-29 
-31 ’ I 
o 2 4 6 a 1 0  
cyc 1 e 
(b) Reduction in maximum side lobe level with 
optimization cycle. (---- allowable level) 
*I- 
............................................ 
G ,  dB 
-4 61 0 2 4 6 8 1 0  
cyc I e 
(c) Improvement in maximum power density (gain) 
with optimization cycle. 
(---- required level) 
(d) Reduction in rms surface error with 
optimization cycle. (---- allowable level) 
t 
Fig. 4 Convergence history of the optimization 
procedure. 
8 
8 
-10 
rn 
-' -20 
L 
W 
3 
0 
W > 
w 
0 
W 
L 
Q -30 
.- 
4 -40 
- 50 
-60 
0 
-10 
rn 
-20 
L 
W 
3 
0 
W > ;'. .C( 
* w  
0 
L 
-30 
; -40 
- 50 
-60 0 
-2 -1 0 1 2 -2 -1 0 1 2 
theta, degrees theta,  degrees 
(a) + = 45 degrees. (a) + = 45 degrees. 
Fig. 5 Comparison of EM radiation patterns Fig. 6 Comparison of EM radiation patterns 
before (vhite) and after (dark) full before (white) and after (dark) 
optimization. (---- allowable side 
lobe level) 
0 1  A 
-10 
m 
0 -20 
I 
W 
3 
0 
W > 
+ 
-30 
.C( 
Z -40 
2 
- 50 
-60 
rms-limited optimization. 
(---- allowable side lobe level) 
0 
-10 
m 
-20 U 
L 
W 
B 
-30 
W > 
.C( 
w 
0 ; -40 
L 
- 50 
-60 I 0 
-2  -1 0 1 2 -2 -1 0 1 2 
theta, degrees theta, degrees 
(b) + = 135 degrees. (b) + = 135 degrees. 
Pig. 5 Continued. Fig. 6 Continued. 
9 
-30 aB 
Dounaarv of main Deam region. eo naunaary of  main beom region.  o n 1  /?GB\ 
(a) Power level contours before optimization. (c) Power level contours after rms-limited 
optimization. 
bounoary o t  main beam region, 6 0 7  
(b) Power level contours after full 
optimization. 
(d) Power level contours for minimum rms surface 
distortion. 
c 
L 
t 
Fig. 7 Predicted relative power levels on any 
plane normal to paraboloid axis. 
10 
1. Report No. 2. Government Accarion No. 3. Recipirnt's Catalog No. 
NASA TM-89110 
5. Report Date 
506-43-41 -01 
4. Title and Subtitle 
In tegra ted  St ruc ture  Electromagnetic Opt imizat ion of 
Large Space Antenna Ref1 ec tors  
7. Author(sl 8. Performing Organization Report No. 
Sharon L. Padula , Howard M. Adelman, and M. C.  Ba i l ey  
10. Work Unit No, 
9. Parforming Organization Name and Address 
NASA Langley Research Center 
HamDton. VA 23665 
11. Contract or Grant No. 
, 13. Type of Report and Pwiod Covafrd 
2. Sponsoring Agency Name and Address Technical Memorandum 
National Aeronautics and Space Admini s t r a t i o n  14. Sponsoring Agency Cod# 
Washington, DC 20546 
5. Supplementary Notes 
Presented a t  AIAA/ASME/ASCE/AHS 28th Structures, S t ruc tu ra l  Dynamics and 
Mater ia ls  Conference, Monterey, CA, A p r i l  6-8, 1987. A I A A  Paper No. 87-0824-CP. 
6. Abstract 
The requirements f o r  extremely p rec ise  and powerful l a r g e  space antenna r e f l e c t o r s  
have mot ivated the  development o f  a procedure f o r  shape con t ro l  o f  t h e  r e f l e c t o r  
surface. A mathematical op t im iza t i on  procedure has been developed which improves 
antenna performance wh i l e  min imiz ing necessary shape c o r r e c t i o n  e f f o r t .  
t o  previous work which proposed c o n t r o l l i n g  the  rms d i s t o r t i o n  e r r o r  o f  t h e  surface 
thereby i n d i r e c t l y  improving antenna performance, the  c u r r e n t  work inc ludes 
electromagnetic (EM) performance c a l c u l a t i o n s  as an i n t e g r a l  o f  t h e  con t ro l  procedure, 
The a p p l i c a t i o n  o f  the  procedure t o  a radiometer design w i t h  a te t rahedra l  t r u s s  
backup s t r u c t u r e  demonstrates t h e  p o t e n t i a l  f o r  s i g n i f i c a n t  improvement. The r e s u l t s  
i n d i c a t e  the  b e n e f i t  o f  i n c l u d i n g  EM performance ca l cu la t i ons  i n  procedures f o r  shape 
con t ro l  o f  1 arge space antenna r e f 1  ec tors  . 
I n  con t ras t  
7. Key Words (Suggested by Authorlrl) 
Opt i m i  z a t  i on met hods 
Large space s t ruc tu res  
Space antennas \ 
Shape con t ro l  
18. Distribution Statement 
Unc lass i f i ed  - Un l im i ted  
Subject Category 18 
20. Security Cleuif (of this pap) 1 21. N ~ . ~ o f  Pagw 22. Rice 
Unc lass i f i ed  I A02 9. Security Classif. (of this report) Unc lass i f i ed  
N - 305 For sale by the National Technical lnfotmatlon Servce, Sprlngfleld. Virginla 22161 
